Screen-printed carbon electrodes (SPCEs) are widely used for the electroanalysis of a plethora of organic and inorganic compounds. These devices offer unique properties to address electroanalytical chemistry challenges and can successfully compete in numerous aspects with conventional carbon-based electrodes. However, heterogeneous kinetics on SPCEs surfaces is comparatively sluggish, which is why the electrochemical activation of inks is sometimes required to improve electron transfer rates and to enhance sensing performance. In this work, SPCEs were subjected to different electrochemical activation methods and the response to H2O2 electroanalysis was used as a testing probe. Changes in topology, surface chemistry and electrochemical behavior to H2O2 oxidation were performed by SEM, XPS, cyclic voltammetry, chronoamperometry and electrochemical impedance spectroscopy. The combination of electrochemical activation methods using H2SO4 and H2O2 proved particularly effective. A reduction in charge transfer resistance, together with functionalization with some carbon-oxygen groups on carbon ink surfaces, were likely responsible for such electrochemical improvement. The use of a two-step protocol with 0.5 M H2SO4 and 10 mM H2O2 under potential cycling conditions was the most effective activation procedure investigated herein, and gave rise to 518-fold higher sensitivity than that obtained for the untreated SPCEs upon H2O2 electrooxidation. The electrochemical behavior of acetaminophen, hydroquinone and dopamine is also shown, as a proof of concept upon the optimum activated SPCEs.
Introduction
Screen-printed electrodes (SPEs) are single-use electrochemical devices based on conductive inks that arose from the need to create suitable reproducible, stable and disposable tools for low-cost mass production [1] . They allowed the replacement of traditional beaker-type electrochemical cells with easy-to-use sensors that support the analysis of microvolumes of samples [2] . For all these reasons, SPEs have attracted considerable attention in recent years, with a plethora of applications in not only fundamental research [3, 4] , and clinical [5] , environmental [2] and food analyses [6] [7] [8] , but also in teaching [9, 10] .
The working electrodes in SPEs are made of conductive inks based on platinum, gold, silver or carbon materials that also contain binding pastes, such as resins or cellulose acetate, solvents such as terpineol, ethylene glycol or cyclohexanone, and additives that provide functional characteristics [11] . Among SPEs, screen-printed carbon electrodes (SPCEs) are the most widely used for sensing applications because they are relatively inexpensive and lead to low background currents and a wide potential window. Such carbon inks are generally composed of graphite particles, a polymeric binder and other additives. Slow electrode kinetic constants can appear in SPCEs and they are sometimes electrochemically activated to enhance their electrochemical performance [12, 13] . Pre-treatment of carbon-based electrodes can have an outstanding effect on the amelioration of electron transfer rates on a large number of compounds in solution [14, 15] . The activation cited in the bibliography typically involves holding the electrode at a constant potential for a short period of time [12, 13, 16] , potential cycling to extreme potentials [17, 18] , heat treatment [19] , ultrasonic polishing [20] , oxygen plasma treatment [21] or mechanical activation [22, 23] . Improved electroanalytical outputs after electrode activation may be attributed to an increment in the surface's hydrophilicity [14, 24] , the increased quantity of carbon-oxygen functional groups on surfaces [25, 26] , augmented surface roughness [27] and/or the removal of the organic ink constituents or contaminants introduced into the printing stage [14] .
Recently, our group reported the generation of highly activated SPCEs through electrochemical treatment using H2O2 [28] that consisted of repetitive cyclic voltammetry in a phosphate-buffered solution of 10 mM H2O2 with remarkably improved electroanalytical output for H2O2 sensing compared to that of untreated SPCEs (nSPCEs). Both the introduction of new carbon-oxygen groups to carbon ink, 4 and the reduction in electron charge transfer resistance, were demonstrated as being the main responsible factors for improved electroanalytical output. Encouraged by the above results, the present study aimed to first compare different electrochemical activation methodologies described in the literature (vide infra), and then to explore the combination of already established activation methods with the best electrochemical performance tested herein for the electroanalytical sensing of H2O2. A comparison of electroanalytical outputs was made by a chronoamperometric analysis of the electrochemical oxidation of H2O2 given the key role played by this compound in pharmaceutical, clinical, environmental, mining, textile and food manufacturing applications [29, 30] . Moreover, H2O2 electrochemical performance using activated SPCEs (aSPCEs) was correlated with changes in topology, roughness factor, surface chemistry, electrochemical response of redox probes sensitive to surface functionalization and charge transfer resistance. Finally, in order to confirm the unrestricted applicability of aSPCEs, the best activation methodology was proven to explore the electrochemical behavior of model electroactive species, such as acetaminophen, hydroquinone and dopamine, as a proof of concept given their importance in clinical, pharmaceutical and environmental applications [31] [32] [33] . 
Material and Methods

Chemical and solutions
Acetaminophen, ammonium iron (II) sulfate hexahydrate, dopamine hydrochloride, hexaammineruthenium (III) chloride, hydrogen peroxide, hydroquinone, sodium phosphate monobasic and sodium ferrocyanide decahydrate were purchased from Sigma-Aldrich (Spain). Perchloric acid and sodium hydroxide came from Merck.
Sulfuric acid and sodium phosphate dibasic were acquired from Panreac, and potassium chloride from Scharlau. All the reagents were purchased at their highest available purity and used without further purification. Solutions were prepared with deionized water (resistivity ≈ 18.2 MΩ•cm at 25°C) (Millipore, Watford, UK) and were freshly prepared every day. Sodium phosphate-buffered solution (PB) 0.1 M (pH 7) was used as the supporting electrolyte.
Electrochemical measurements
Electrochemical experiments were performed using a computer-controlled potentiostat AUTOLAB PGSTAT128N with an electrochemical impedance spectroscopy (EIS) analyzer (Eco Chemie B.V., The Netherlands) using the NOVA 2.0 software. The electrochemical measurements were taken on disposable SPEs (Dropsens), which consist of carbon (SPCE, DRP-150) or platinum (SPPtE, DRP-550) working electrodes (geometric area: 12.6 mm 2 ), a platinum counter electrode and a pseudo-silver reference electrode. Unless otherwise indicated, all the potentials in this paper refer to this electrode. Table 1 compiles the experimental conditions of all the activation protocols used herein. Electrochemical pretreatments were performed by immersing the SPCE electrode into the corresponding solution under aerated conditions. All the measurements were taken at room temperature. After activation, electrodes were rinsed thoroughly with deionized water and air-dried. 
Physico-chemical characterization of SPCEs
Field emission SEM images were acquired in a Jeol 6490LV electron microscope equipped with detectors for secondary and backscattered electrons, which operated at an acceleration voltage of 30 kV.
The X-ray photoelectronic spectroscopy (XPS) experiments were recorded by a K-Alpha Thermo Scientific spectrometer using Al-Kα (1486.6 eV) radiation, monochromatized by a twin crystal monochromator to yield a focused X-ray spot with a diameter of 400 m mean radius. The alpha hemispherical analyzer was used as an electron energy analyzer that operates in the fixed analyzer transmission mode, with survey scan pass energy of 200 eV and 40 eV narrow scans. The angle between the Xray source and the analyzer (magic angle) was 54.7°. Processing of the XPS spectra was performed using the Avantage software, with energy values referenced to the C 1s peak of adventitious carbon located at 284.6 eV, and a Shirley-type background. 
Results and Discussion
Activation of SPCEs by different methods
The activation pretreatment proposed in our previous work [28] was taken as a starting point to compare different reported activation methods in either the literature or by combining already established ones ( Table 1 ). The effectiveness of pretreatments in activating SPCEs was evaluated by the electroanalysis of H2O2. Figure 1 shows the linear sweep voltammetries (LSVs) of the untreated SPCEs (nSPCEs) and the electrodes pretreated by the methods shown in Table 1 (aSPCEs). In all cases, and as a result of the pretreatments, some changes in carbon inks happened, which promoted H2O2 oxidation at lower potentials. For the 4H and 7SH treatments, the lowest potential values were obtained (the oxidation wave shifted from ~1.2 V in nSPCEs to ~0.7 V in these pretreated SPCEs), but the 5S electrochemical pretreatment also provided an ill-anodic wave that came close to that obtained for 4H and 7SH. Therefore, amperometric measurements of H2O2 were performed at 0.7 V for further experiments. LSVs of 1 mM H2O2 using an nSPCE and aSPCEs generated by the different methods depicted in Table 1 . Measurements were taken in PB (pH 7) at 50 mVs -1 . Figure 2A shows the chronoamperometric response of the SPCEs subjected to the different one-step electrochemical pretreatments (1Na, 2P, 3S, 4H and 5S) to H2O2
electrooxidation. All the pretreatments led to an enhanced electrochemical response compared to the nSPCE (the corresponding analytical parameters are shown in Table 2 ), except for the treatment with NaOH, which did not significantly modify the output for H2O2 oxidation under our experimental conditions. The most sensitive response was obtained for the activated electrode with 0.5 M H2SO4 (named 5S). under steady-state conditions using an nSPCE and different aSPCEs generated by following the methods summarized in Table 1 and an SPPtE.
To further improve the activation processes, we checked some activation protocols consisting in two electrochemical steps ( Figure 2B , activations 6SH and 7SH).
The process consisted of a combination between pretreatment 3S or 5S and protocol 4H in two separate electrochemical steps; viz. the first one using H2SO4 and the second employing H2O2, which led to two different activation protocols (6SH and 7SH, respectively, Table 1 ). A change in the order of stages (i.e. first H2O2 and then H2SO4), or the simultaneous presence of H2O2 and H2SO4 in the same solution, revealed lower electroanalytical output to H2O2 ( Figure 1S , Supplementary Material). These combined protocols yielded a very meaningful improvement of the current output to H2O2 oxidation compared to nSPCEs. Pretreatment 6SH achieved a sensitivity of ca. 245 times compared to that obtained for the untreated SPCEs, whereas 7SH improved 518-fold the sensitivity of nSPCEs to H2O2 (Table 2 ). In addition, the two-step methods 6SH
and 7SH also showed significantly improved sensitivity compared to their corresponding one-step methods 3S and 5S, respectively. Thus the sensitivity attained with treatment 6SH was nearly 5-fold higher than that obtained with protocol 3S, while sensitivity attained with treatment 7SH was nearly twice that obtained with protocol 5S.
However, the one-step treatment 5S showed a slightly higher sensitivity than the twostep treatment 6SH because, in the latter case, the sulfuric acid concentration used in the first step of the pretreatment was lower. In terms of LOD values, both the one-step 4H
and the two-step 6SH and 7SH protocols provided the best outcomes (Table 2) .
Interestingly, the two-step treatments 6SH and 7SH gave lower LOD values than the one-step protocols 3S and 5S. Therefore, the best pretreatment for the amperometric electroanalysis of H2O2
with SPCEs was 7SH. The linear voltammetries in the presence of 1 mM H2O2 solution at different scan rates were performed using an nSPCE and an aSPCE treated by this method ( Figure 2S , Supplementary Material). In both cases, diffusional behavior was found as the plot of current intensity vs. the square root of the scan rate gave a straight line (insets in Figure 2S , Supplementary Material) .
Almost all the methods tested herein, except for 1Na, provided higher sensitivities for H2O2 electrooxidation than that based on the platinum screen-printed electrodes (SPPtEs) ( Table 2 and Figure 2B ). The improvement in the signal compared to SPPtEs is of key importance because the electrodes based on metallic Pt are widely used for the electroanalytical sensing of H2O2 [37, 38] . The possible substitution of these platinum electrodes for activated carbon electrodes could be important if we consider the cheapness of carbon inks compared to precious metal inks. Additionally, these sensitivities are higher than that obtained with other modified screen-printed carbon electrodes, such as iron-tetrasulfophthalocyanine-graphene-nafion modified SPCEs, although in this case the authors achieved better LOD for H2O2 at a lower potential [39] .
Characterization of the electrode surface of aSPCEs
The improvement in sensitivity was expected to be related to changes in electrodes' surface. Electroactive areas, and the corresponding calculated percentages of the electroactive areas and roughness factors of the different electrodes, are shown in is an outer-sphere electron transfer that is insensitive to the C/O ratio groups and is affected only by changes in the electroactive area [22] . In general, no significant differences were observed between the cyclic voltammetries in Figure 3S (Supplementary Material), except for 5S, 6SH and 7SH pretreatments, which showed slightly higher intensity peaks and a greater capacitive current (see also Figure 4 ). In addition, the SEM analysis of the different aSPCEs ( Figure 4S , Supplementary Material) revealed barely noticeable changes in the surface topology for the one-step treatments, but more porous surfaces for the electrodes treated by 6SH and 7SH.
EIS was used to monitor the electrode|solution interface changes of all the pretreated electrodes ( Figure 3 ). Typical Nyquist plots were obtained for redox probe Na4Fe(CN)6. Therefore, a modified Randles circuit model was used to extract accurate information about the circuit elements (inset in Figure 3B ). The equivalent circuit consists of an uncompensated resistance of the electrochemical cell (Ru), a charge transfer resistance at the electrode|solution interface (Rct), and a constant phase element to characterize the double layer capacitance (CPE). To obtain the best fittings from the experimental data and the diffusion process of the redox probe, a Warburg element (W) was introduced into the circuit. Table 3 shows the values of the equivalent circuit elements obtained by fitting the experimental results for the Nyquist plots in Figure 3 . (Table 3) as the roughness of electrodes incremented (Table 1S) . A similar tendency was observed for exponent n of CPE, which moved away from ideality in the untreated SPCE (n close to 1 is characteristic of smooth surfaces [38, 40] ) to n close to 0.77 in 6SH (modified aSPCE with one of the largest electroactive areas). For the aSPCEs activated by 5S and 7SH, the standard Randles equivalent circuit could not explain the impedance spectra, which was probably due to the increment in the electroactive area and roughness achieved after treatment (Table   1S ). The most concentrated H2SO4 solution used in these activation processes considerably changed the surface, which could have caused the significant increment in the double layer capacity (vide infra, Figure 4 ) with the consequent masking of the diffusional branch at lower frequencies.
To gain further insight, electrodes were immersed in a solution containing (NH4)2(FeSO4)2 and cyclic voltammetries were performed ( Figure 4) ; redox couple Fe 2+ /Fe 3+ is useful for predicting the existence of some functional groups as it is very sensitive to certain oxygenated groups, especially carbonyls [22, 41, 42] . All the electrochemical treatments completely changed the cyclic voltammetry of this compound. nSPCEs exhibited a very wide peak-to-peak separation, 470 mV, while the activated electrodes showed a peak separation in the order of ~100 mV (save pretreatment 1Na, which provided a peak-to-peak separation of 650 mV). Once again, the higher current capacitances in those treatments using H2SO4, particularly for treatments 5S and 7SH, were noteworthy. These results indicate that electrochemical 15 activation introduces some new oxygenated functional groups, such as carbon-oxygen groups (vide infra). To corroborate this assumption and to explore the nature of these functional groups, an XPS analysis was performed. Table 4 . Generally, the XPS deconvolution of C 1s demonstrates the presence of the main binding energy peaks at 284.6, 285.6, 286.4
and 288.7 eV, which are attributed to the presence of C-C graphitic, C-C aliphatic and C-H, C-O and C-O-C groups, and C=O in carboxyl groups, respectively [43] . The content of C-C graphitic clearly lowered, while O-C=O groups appeared in the activated electrodes, except for treatment 1Na ( Figure 5A ). The binding energy of 286.4 eV could also be ascribed to the presence of the C-Cl bond, as proven by the presence of the Cl 2p core level depicted in the survey scan (data not shown), which was chemically attributed to the presence of the Cl element used to manufacture carbonaceous inks, as indicated in the previous XPS analysis of SPCEs [44] . Table 4 . The XPS results for the untreated SPCEs and electrodes subjected to pretreatments.
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The deconvolution of the O 1s spectra for all the electrodes pretreated by the different methodologies is depicted in Figure 5B , where the bands at ca. 532.0 and 533.5 eV are the most representative ones ascribed to the C=O and C-O functional groups (yellow and green bands, respectively) [45] . Furthermore, the presence of O-H in carboxyl for pretreated electrodes 6SH and 7SH is demonstrated (pink bands) (see also the XPS spectra of 3S and 5S compared to 6SH and 7SH, respectively, in Figures   5S and 6S of the Supplementary Material), which could be related to their enhanced electrochemical properties. A close inspection of the atomic concentration (at.% ) of oxygen, as displayed in Table 4 , proved the effect of the oxidizing agent nature on the oxygenated functionalization of SPCEs. The high resolution for the analysis of the O 1s core level
Pretreatment
showed an oxygen atomic concentration between 14-16 at.% in the electrodes activated by 4H and 2P (compared to the 5-6 at.% for nSPCEs). Moreover, activation by 1Na gave similar at.% values to those depicted by the untreated SPCEs, which agrees with their similar electroanalytical sensitivities ( Table 2 ). The effect of pretreatments 3S, 5S, 6SH and 7SH on the surface chemistry of SPCEs was noteworthy, where the oxygen atomic concentration gave values between 20-26 at.%, which demonstrates the strongest oxidizing conditions of the above solutions. It is worth noting that pretreatments 6SH
and 7SH displayed the presence of OH groups in carboxyl functionalization and higher C-O to C=O ratios ( Figure 5B ), unlike any other pretreatment done in this study.
All these results suggest that high oxygenated atomic content and a high C-O to C=O ratio, as well as the presence of OH groups in carboxyl functionalization, might be correlated with the highest sensitivities for H2O2 sensing. One of the possible reasons for that could be ascribed to the contribution of oxygen-containing groups onto the SPCEs surface on the improvement of the wettability, which could promote the diffusion-controlled process and thus enhance the electron transfer rate of SPCEs [46] .
This hypothesis is also supported by previous reports in which a favorable electrochemical response towards the direct electron transfer of cytochrome c due to surface carbonyl groups, and to a certain extent carboxylic groups, likely residing at edge plane like -sites/defects of screen-printed graphite electrodes was found [47] . 
Electrochemical behavior of aSPCEs 7SH to hydroquinone, acetaminophen and dopamine
Based on the previous results, we selected pretreatment 7SH to obtain improved sensitivity outputs in SPCEs. To extend the applicability of these aSPCEs, the electrochemical behavior of some model organic compounds of interest was measured by cyclic voltammetry as a proof of concept for the aSPCEs treated by protocol 7SH.
These compounds have been chosen as model electroactive species given their widespread use in the chemical and pharmaceutical industries. Acetaminophen is a widespread analgesic and antipyretic oral drug [31] . Hydroquinone is a common environmental pollutant used extensively in multiple industrial processes [32] .
Dopamine is an essential neurotransmitter and a clinically valuable diagnostic indicator [33] . Figure 6 shows the cyclic voltammetries obtained for 1 mM acetaminophen, hydroquinone and dopamine using an nSPCE and an aSPCE activated by 7SH. The analytical measurements using aSPCE showed a significant increase in the current intensity of the anodic peak of these compounds, and a shift to less positive potentials.
At a scan rate of 50 mVs -1 , a lower peak-to-peak separation was observed in aSPCEs (~60, 110 and 130 mV for acetaminophen, hydroquinone and dopamine, respectively) compared to nSPCEs (~400, 450 and 230 mV for acetaminophen, hydroquinone and dopamine, respectively). Therefore, activation process 7SH not only reached enhanced output in the electroanalysis of H2O2, but also improved these results of SPCEs to other important biological compounds, which demonstrates its versatility in the electroanalysis field. Double logarithmic plots of anodic peak currents (Ipa) vs. scan rate before and after activation process 7SH can provide us with information about the kinetic behavior of these compounds on the electrode surface before and after the activation process (Supplementary Material, Figure 7S ). Using an nSPCE, a slope of ~0.5 was obtained for the oxidation of acetaminophen, which agrees with the theoretical slope for diffusion controlled processes [49] . However, this slope came close to 1 when an aSPCE (7SH) was used, which is the ideal value for adsorption controlled processes [49] . This result indicates that the changes achieved on the electrode surface after electrochemical pretreatment (vide supra) favor the adsorption of acetaminophen molecules on the electrode surface to carry out the electron transfer. However, this does not necessarily mean that adsorption should be the determining step for the electrooxidation of acetaminophen when using aSPCEs. In addition, the Ipa/Ipc (anodic peak current intensity/cathodic peak current intensity) ratio deviations from the unity were obtained for acetaminophen, which were more pronounced at the slowest scan rates, regardless of whether electrodes had been pretreated or not ( Figure 8S (A) in Supplementary Material). This behavior should be attributed to complex coupled chemical reactions, in which the semiquinone imine radical product of the oxidation of paracetamol [31] is very likely involved. It is well-known that these radicals readily polymerize to passivate solid electrodes' surfaces [50] .
For hydroquinone, the slopes showed a diffusion controlled process for both nSPCE and aSPCE ( Figure 7S) , with an Ipa/Ipc ratio that came close to unity for all the scan rates ( Figure 8S ). This result well agrees with a more reversible redox cyclic behavior previously reported for this compound [51] .
The double logarithmic plots of anodic Ip versus the scan rate showed a diffusion controlled process for the oxidation of dopamine, regardless of using nSPCEs or aSPCEs ( Figure 7S ), and a magnitude of the Ipa/Ipc ratio of 3 and 2.5 ( Figure 8S ), respectively, at the lowest scan rate. This behavior should, once again, be attributed to a chemical coupled reaction, where oxidized species dopamine o-quinone undergo intramolecular cyclization to leucodopaminechrome (LDAC) [52] . Only at higher scan rates did the Ipa/Ipc ratios approach unity by reducing LDAC formation on the electrode surface.
Finally, even though the evolution pathways of oxidation products are rough irrespectively of employing untreated or treated SPCEs, the use of aSPCEs (7SH pretreatment) markedly enhanced the anodic current intensity for the electrooxidation of acetaminophen, hydroquinone and dopamine, along with greater reversibility of the process, which is most significant in the electroanalysis field.
20 Figure 6 . Cyclic voltammetry of 1 mM of some important phenolic compounds using an nSPCE and an aSPCE activated by the 7SH method. Measurements were taken in PB pH 7 at 25ºC. The scan rate was 50 mVs -1 . 
Conclusions
The electrochemical pretreatment of screen-printed carbon electrodes by cyclic voltammetry allowed us to obtain devices with improved electrochemical properties and promising electroanalytical applications. Impedances showed that the activation of SPCEs generally reduced resistance to charge transfer. Nonetheless, the standard Randles equivalent circuit could not explain the behavior observed with activated electrodes 5S and 7SH, which was probably due to the major modification of the surface caused by the most concentrated sulfuric acid. The results indicated that the improvement in electrochemical properties was due mainly to the formation of oxygenated functional groups during the activation process. Furthermore in those cases in which H2SO4 was used (3S, 5S, 6SH and 7SH), the increase in the electroactive area with ESF funds, EU). The funders played no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.
